Two crosswell seismic surveys were acquired in the Athabasca Tar Sands at Steepbank oil-sand reservoir before and after the start of the steam injection. The objectives of the survey were to monitor the shape and the movement of the steam zone and identify shale barriers effective enough to prevent steam from flooding the upper part of the reservoir. Since seismic velocities decrease with increase of temperature, any variations in compressional and shear wave velocities may indicate the advance of the steam zone. High resolution tomographic images have been derived from the crosswell data, using direct P-and shear wave arrival times. The direct shear wave arrival times have been identified using travel-time modelling. The initial velocity models have been reconstructed using horizontal rays between two wells and sonic log data.
Introduction
The Lower Cretaceous McMurray formation contains approximately 142x109 m 3 of bitumen in the Athabasca oil sand area. The McMurray formation is almost flat lying and represents the initial sedimentation of the ridge and valley topography of the sub-Cretaceous unconformity, which is developed on Paleozoic shales and carbonates. Paleozoic carbonates are containing karsts and highly irregular. The McMurray tar sand itself could be subdivided into the following units: unconsolidated sand with some thin mud layers (up to 4 meters), heavy bitumen saturated sand and inhomogeneous coarse pyritic zone. At the top of the formation is a low velocity gas cap. It is thought, gas accumulations within the McMurray formation are the result of both structural and stratigraphic traps. Figure 2 shows the principle stratigraphic units in the Steepbank area. In order to preheat the reservoir surrounding the well prior to the conventional steam drive, hot steam was circulated through a horizontal pipe (Heated Annulus Steam Drive process) positioned just above the base of the McMurray formation. The top of the gas cap and the base of the McMurray formation form sharp velocity contrasts, which result in the presence of strong reflected waves, converted waves, head waves and, hence, complicate wave mode identification routine. The first results of the experiments carried out in the Athabasca tar sands were published in 1994 [1] .
Data acquisition
The crosshole survey wells are shown in figure 1 forming a square with a side of 74 m. The steam injector is located exactly at the center of the square. The diagram shows the position of the existing observation wells. An estimated form of the steam zone is also indicated in the background. The first four crosswell sections were recorded in 1991 (October) prior to the start of the steam injection to establish a base line. The second set of crosswell profiles was acquired after 72 days of continuous steam injection. Two 80-level 3-component geophone tools were cemented into CH2 and CH3 wells with 2 m spacing. This acquisition provided a high quality crosswell data with a good coupling to the formation. The source was a downhole hydraulic vibrator activated at the same depth levels as the receiver tool. Time-lapse sections from CH1-CH2 line are almost identical (figure 3). Sharp changes in travel times, waveforms and amplitudes between the surveys can be seen on section CH2-CH4 (figure 4).
Method
An efficient approach for travel-time calculation is to divide the imaging plane into a set of triangular pixels with a constant gradient of squared slowness within each pixel. Under these conditions the ray-path segment can be calculated analytically in each pixel [Virieux et. al., 1991] . Correct estimation of the initial velocity model is a crucial operation for tomographic imaging. We set up the reference P-wave velocity model using a combination of the acoustic log data and original crosswell travel times. For each travel time propagating in horizontal plane, an average velocity is estimated. Then, these values are assigned to each grid point of the reference model. Calculation of the particular ray path joining specific source and receiver locations is a two-point boundary problem. It has been solved using Huygens Principle [Saito, 1989] . The linear tomography equations were solved using the Singular Value Decomposition technique with optimisation. This scheme was repeated recursively (~15 times) until the desirable accuracy was achieved. The direct shear waves were identified using travel time modelling. The S-wave velocity model was estimated from the smoothed version of the P-wave tomogram derived from the crosswell data, sonic log data and Vp/Vs as a function of depth. This function was estimated using the core data analysis of the reservoir rocks in the range from 88 m to 306 m.
Imaging Results
Our final tomography results for CH2-CH4 using first arrival times of the direct P-and S-waves are displayed in figures 8-9. All interfaces are somewhat smoothed due to the resolution of the ray tomography. The region of substantial P-wave velocity anomaly is larger than that seen on the temperature monitoring map. There is no change in P-wave velocity corresponding to the temperature changes in the gas cap. This result supports some laboratory experiments suggesting that P-wave velocities are insensitive to temperature changes in gas/water sands. In general, velocity reduction for the S-wave velocity image is lower than that for the P-wave velocity reconstruction. To be able to obtain a reasonable separation between temperature effects and pressure/saturation/porosity changes we displayed Vp versus Vs plots for the laboratory experiments (Figure 7) . Sharp changes in velocities with the increase of temperature are associated with high tar content sands. It appears P wave velocity is more sensitive to the temperature changes than that for shear waves.
Conclusions
We have reconstructed velocity images from the traveltimes of two distinct ray types (direct P-and Swaves). Unfortunately, we were not able to identify first arrival times for some particular depth intervals. Thus, because of incomplete angular coverage, shear wave velocity images are not accurate enough below the 260m level. Hence, a combination of direct and reflected waves for tomographic inversion may improve the ray coverage and, subsequently, the image quality. But a particular reflection mode must be identified precisely for each common source gather which seems unlikely for the present velocity model. There are some inversion artefacts in the vicinity of the model's edges. Velocity images confirm the main stratigraphic units in the Steepbank area obtained from well logs and core data. Our belief is that ray tracing in anisotropic media will increase the resolution and accuracy of the tomograms. Further studies will be concentrated on establishing a reliable model for the reservoir characterisation which will help to understand these seismic observations and predict the location of shale barriers. 
